Summary. The presence or absence of type-VI collagen in mechanoreceptors in the lips and palate of the mouse and gerbil was assessed histochemically. When fresh palatine mucosae and the lips of mice were incubated in 20mM ATP solution, numerous fibrous long spacing fibers with a periodicity of 100nm appeared in the interlamellar spaces of Meissner's corpuscles, simple lamellated corpuscles, and the peripheral connective tissue of Ruffini's nerve endings, irrespective of age. In addition, when the palatine mucosae of mice and gerbils were stained immunohistochemically with anti-type-VI collagen, an intensely positive reaction was constantly observed in Meissner's corpuscles. Furthemore, a less intense immunoreaction to anti-type-VI collagen was recognized in the inner core of simple lamellated corpuscles and Ruffini-like formations in the labial mucosae. From these results, we conclude that type-VI collagen is a major constituent of the interstitial connective tissue of cutaneous mechanoreceptors.
Summary. The presence or absence of type-VI collagen in mechanoreceptors in the lips and palate of the mouse and gerbil was assessed histochemically. When fresh palatine mucosae and the lips of mice were incubated in 20mM ATP solution, numerous fibrous long spacing fibers with a periodicity of 100nm appeared in the interlamellar spaces of Meissner's corpuscles, simple lamellated corpuscles, and the peripheral connective tissue of Ruffini's nerve endings, irrespective of age. In addition, when the palatine mucosae of mice and gerbils were stained immunohistochemically with anti-type-VI collagen, an intensely positive reaction was constantly observed in Meissner's corpuscles. Furthemore, a less intense immunoreaction to anti-type-VI collagen was recognized in the inner core of simple lamellated corpuscles and Ruffini-like formations in the labial mucosae. From these results, we conclude that type-VI collagen is a major constituent of the interstitial connective tissue of cutaneous mechanoreceptors.
Physiological properties of cutaneous mechanoreceptors may be presumed by their ultrastructural architectures (IGGO, 1976) ; it is believed that the extracellular matrix is significantly involved in the maintenance of the three-dimensional architecture of individual kinds of mechanoreceptors.
Meissner and Pacinian corpuscles contain a basal lamina-like substance, fine collagen fibrils and an amorphous filamentous substance in their interlamellar spaces (for review see: MUNGER and IDE, 1988) . In Ruffini's nerve endings, laminin, a major component of basal lamina, has been detected and supposed to be substance for anchoring teminal Schwann cell laminae against the connective tissue (MAEDA et al., 1991) . On the other hand, the occasional occurrence of fibrous long spacing (FLS) fibers has been reported in the Meissner's corpuscles of primates (CAUNA and Ross, 1960; CASTANO and VENTRA, 1979; CASTANO et al., 1985; HALATA and MUNGER, 1983) .
The significance of the FLS fibers in mechanoreceptors is not fully known, though the results of a study made over three decades ago suggested that they may be concerned with the maintenance of the tautness of the corpucles (CAUNA and Ross, 1960) . During the course of conventional electron microscopic observation of palatine mucosae from aged mice, we recently found that FLS fibers in Meissner's corpuscles progressively increased with age. As a close relation between FLS fibers and type-VI collagen has recently been demonstrated (BRUNS, 1984; BRUNS et al., 1986) , we decided to look for the presence of type-VI collagen in different kinds of mechanoreceptors in animals of various ages. Palatine mucosae of rodents are rich in Meissner's corpuscles (TACHIBANA et al., 1990 (TACHIBANA et al., , 1991 , whereas their lips contain numerous simple lamellated corpuscles and Ruffini's corpuscles (TACHIBANA et al., 1987) . Thus, we chose the palates and lips of rodents as materials for our study. ATP treatment according to BRUNS et al. (1986) and immunoperoxidase histochemictry were used for the demonstration of type-VI collagen.
MATERIALS AND METHODS
Twenty-six ddy-mice of 1-18 months of age and 4 Mongolian gerbils of 6 months of age were used without regard to their sex. These animals were housed under a 12-hour light/dark cycle at 23C and provided food and water ad libitum until use. Mucosal tissues were removed from animals deeply anaesthetized with sodium pentobarbital (50mg/kg).
Conventional electron microscopy
Sixteen mice of 1, 3, 6, 10, 12 and 18 months of age 507 508 T. TACHIBANA et al.:
were perfused with 2.5% glutaraldehyde dissolved in cacodylate buffer (pH 7.4) after the anaesthetization. Their palatine and labial mucosae were then removed and immersed in the same fixative for 2h at 4C. After having been washed in a buffer, these mucosae were cut into small blocks and embedded in Epon 812 following postosmification with 1% 0504. Ultrathin sections were cut, stained with uranyl acetate and lead citrate, and then observed with an H-7100 electron microscope.
Electron microscopic histochemistry of type-VI collagen Palatine mucosae were removed from six mice of 1, 4, and 13 months of age and from two gerbils of 6 months of age after anaesthetization. Labial mucosae were isolated from two mice of 5 months of age and were immediately immersed in 20mM ATP dissolved in citrate buffer (pH4.0) and then incubated in this solution for 4h at 3TC. The specimens were subsequently embedded in Epon 812 after having been fixed in 2.5% glutaraldehyde (cacodylate buffer, pH 7.4) and in 1% 0504. Ultrathin sections were cut, stained with uranyl acetate and lead citrate, and then observed with an H-7100 electron microscope.
Immunohistochemistry of type-VI collagen
Palatine mucosae and lips obtained from four mice of 4 and 13 months of age and from two gerbils of 6 months of age were snap frozen in liquid nitrogen. Specimens were cut into frozen sections, briefly fixed in 10% neutralized formaldehyde, and then stained for type-VI collagen by the avidin-biotin complex (ABC) immuno-peroxidase technique. Commercially supplied rabbit anti bovine type-VI collagen (LSL Co., LTD., Japan: LB-1697) was used as the primary antiserum at a dilution of 1:20,000. In some cases, the anti-type-VI collagen was pre-absorbed with type-I collagen. For the control staining, normal rabbit serum was used instead of the anti-type-VI collagen. Coloration of the reation products was made with diaminobentidine.
The sections were counterstained with hematoxylin prior to covering.
RESULTS
Conventional electron microscopy As reported previously, Meissner's corpuscles of the rodent palatine mucosae are located just beneath the oral epitheliun at the top of the palatine rugae (TACHIBANA et al., 1990 (TACHIBANA et al., , 1991 . When Meissner's corpuscles of palates of 1-month-old mice were observed by conventional electron microscopy, they were characterized as alternating stacks of axon terminals covered with lamellae that extended from terminal Schwann cells (Fig. 1A ). There were no special capsules around the corpuscles, and the periphery of the lamellae abutted directly on the surrounding connective tissue, separated from it by only an amorphous basal lamina. Interlamellar spaces of these corpuscles were narrow and contained only microfilaments and a basal lamina-like substance (Fig. 1A) . FLS fibers were never seen in or around the corpuscles of 1-month-old mice.
A few FLS fibers were found in the peripheral connective tissue of the corpuscles from 6-month-old mice, and the frequency of the occurrence of FLS fibers grdually increased with age. Numeros FLS fibers were constantly observed in the Meissner's corpuscles of mouse palates after 10 months of age. These FLS fibers were predominant in the periphery and in the wide intercelluar spaces of the corpuscle ( Fig. 2A) . The periodicity of the dark bands of these FLS fibers ranged from 140 to 160nm. In more aged mice, lipid-like spherical corpuscles with homogeneous and electron-lucent contents were present among the FLS fibers ( Fig. 2A) .
Simple lamellated corpuscles in mouse lips were characterized by an inner core composed of a central axon terminal surrounded by concentric layers of lamellae and the outermost perineurial capsule (Fig.  3A) . The subcapsular space was rather wide and contained a fairly large amount of connective tissue, including collagenous fibrils and microfilaments (Fig.  3A) . By contrast, Interlamellar spaces of the inner core were very narrow and contained only a small amount of connective tissue (Fig. 3A) . FLS fibers were never seen in simple lamellated corpuscles, even in aged mice.
As reported previously (TACHIBANA et al., 1987 ), Ruffini's corpuscles in the rodent labial mucosa were located beneath the oral epithelium and composed of sprays of axon terminals covered with a thin lamina of a terminal Schwann cell (Fig. 4A) . There was no special capsule around the corpuscle, and only the basal lamina separated the terminal Schwann cell lamina from the surrounding dense connective tissue. In Ruffini's corpuscles of aged mice, FLS fibers were sometimes observed in the vicinity of the basal lamina by conventional electron microscopy (Fig.  4A ).
Electron microscopy following ATP treatment
Although the cellular elements of oral mucosae were severely macerated after incubation in the acidic ATP solution, it was possible to distinguish the Type-VI Collagen in Mechanoreceptors 509 damaged mechanoreceptors.
Numerous beaded structures similar to FLS fibers appeared in the connective tissue of every mechanoreceptor. Because these structures possessed about 100nm periodicities in the same manner as FLS fibers aggregated from type-VI collagen by ATP treatment (BRUNS, 1984) , we have chosen to call these structures FLS fibers in the following description. These FLS fibers were seen in every mechanoreceptor in every animal at every age examined (Figs. 1B, 2B, 3B, 4B) .
In Meissner's corpuscles, the FLS fibers appeared not only in the peripheral area and internal wide spaces but also in every interlamellar space of the corpuscle (Figs. 1B, 2B ). It was obvious that the number of FLS fibers increased age-dependently and that the basal lamina-like substance and microfilaments in the interlamellar spaces disappeared after the ATP treatment (Figs. 1B, 2B ). The lipid-like spherical bodies in the specimens from the older animals remained among the FLS fibers after the ATP treatment (Fig. 2B) . FLS fibers also were seen in the interlamellar spaces of Meissner's corpuscles of gerbils that received similar ATP treatment (not shown).
In simple lamellated corpuscles in mouse lips, the FLS fibers were sparse in the inner core, wheres their distribution was rather dense in the subcapsular space (Fig. 3B) . On the other hand, FLS fibers in Ruffini's corpuscles formed multiple layers around nerve endings (Fig. 4B) . It was readly apparent that the basal lamina of the Schwann cell lamella surronding Ruffini's nerve endings became obscure but that that of the oral epithelium persisted after the ATP treatment (Fig. 4B) .
A small number of FLS fibers also appeared in the gerbils were stained by immumohistochemistry after the application of anti-bovine type-VI collagen, Meissner's corpuscles showed a strong positive reaction (Fig. 5A) . In labial mucosae of mice and gerbils, less intense immunoreactions resided in the inner cores of simple lamellated corpuscles (Fig. 5C ) and subepithelial reticular formations (Fig. 5D) . The subepithelial reticular fromations were comparable to Ruffini's terminals in their specific location and appearance. The reactions in these structures were not diminished by the pre-absorption of the anti-serum with type-I collagen. Normal rabbit serum, when used instead of anti-type-VI collagen, negatively stained Meissner's corpuscles and other structures (Fig. 5B) .
Besides the mechanoreceptors, epithelial basement membranes, perineurial sheaths of peripheal nerve bundles and the periphery of blood vessels in lamina propria mucosae of the palate and the lip were positively stained with anti-type-VI collagen (Fig. 5A,  C) . Also, a very weak and diffuse immunoreaction was constantly observed over collagenous fibers in the lamina propria.
DISCUSSION
Since the first observation by CAUNA and Ross (1960) , fibrous long-spacing (FLS) fibers have sometimes been observed in primate Meissner's corpuscles fixed with glutaraldehyde and 0504. Similar fibers have also been found in various normal and pathological tissues, not only in neural tissues but also in nonneural ones (for review, see: PILLAI, 1964; MIKI et al., 1993) . BRUNS (1984) first correlated FLS fibers with type-VI collagen, and then he and his colleagues demonstrated that type-VI collagen forms FLS fibers with bands of 100-nm periodicities in an acidic solution of ATP (BRUNS et al., 1986) . In the present study, numerous FLS fibers appeared after the ATP treatment in Meissner's corpuscles. A number of similar fibers also appeared in interlamellar spaces of simple lamellated corpuscles and around terminal Schwann cell laminae of Ruffini's corpuscles after the ATP-treatment. On the other hand, the presence of type-VI collagen in Meissner's and simple lamellated corpuscles was proved by immunohistochemistry.
An immunoreaction of type-VI collagen was also detected in the reticular formations beneath the labial epithelium, whose location and appearance were comparable to Ruffini's nerve endings. Thus, we conclude that type-VI collagen is the general and major component of the interstitial matrix of cutaneous mechanoreceptors.
In the present study, basal laminae and microfilaments disappeared from the interlamellar spaces of Meissner's corpuscles and simple lamellated corpuscles after the ATP treatment. Type-VI collagen is known to exist in microfilaments of connective tissue (TIMPL and ENGEL, 1987) . On the other hand, MIKI and colleagues reported that FLS fibers preferentially reside close to the basal lamina and contain laminin molecule (MIKI et al., 1993) . Recently VEGA et al. (1995) have reported on the immunohistochemical reactivities of laminin and type-IV collagen, both major components of basal lamina, in Meissner and Pacinian corpuscles in the human skin. The patterns of localization of type-VI collagen in mechanoreceptors in this study are comparable to those of the basal lamina substances in human mechanoreceptors (VEGA et al., 1995) . Furthermore, the ultrastructural localization of FLS fibers in Ruffini's endings in this study is in good accord with the immunocytochemical localization of laminin in murine Ruffini's endings (MAEDA et al., 1991) . A recent in situ hybridization study revealed that cultured Schwann cells and perineurial cells from normal nerve and neurofibromas express genes for type-VI collagen and laminin (PELTONEN et al., 1990) . These facts all suggest that the type-VI collagen in cutaneous mechanoreceptors has a close relation to the basal lamina and is produced by terminal Schwann cells or laminar cells of these receptors.
It was suggested long ago that FLS fibers in Meissner's corpuscles may contribute to the maintenance of the tautness of the corpuscle against deformation by mechanical forces (CAUNA and Ross, 1960) . On the other hand, it has been suggested that the type-VI collagen that exists in a variety of tissues including the aorta, cornea, skin, placenta, ligament and cartilage may act as an anchor for the connection between cellular and fibrillar elements (KEENS et al., 1988; TIMPL and ENGEL, 1987; TRUEB et al., 1987) . Thus, the type-VI collagen in mechanoreceptors may play a dual role in the maintenance of the threedimensional architecture of these corpuscles and their moorage to the surrounding connective tissue. In addition, type-VI collagen may play significant roles in the development and regeneration of mechanoreceptors, because it has been shown that basal laminae are responsible for their differentiation and regeneration, (IDE, 1986 (IDE, , 1987 .
Previous authors have suggested that increased stress or strain on connective tissue may augment the formation of type-VI collagen or FLS fibers in vessels and nerves (TAMM et al., 1992) . Therefore, it is conceivable that the age-related accumulation of type-VI collagen in Meissner's corpuscles is a consequence of 
